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Satellite observations of ozone and chlorine monoxide concentrations during winter 1992-
1993 show that in February 1993 chlorine in the lower stratosphere was mostly in chemically
reactive forms. Decreases in stratospheric ozone concentration during February and early
March 1993 are consistent with chemical destruction by this reactive chlorine. Comparison
with changes in the distribution of long-lived chemical and dynamical tracers shows that the
observed decrease cannot have been caused solely by dynamical processes.
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THE large ozone loss over Antarctica in late winter _ is known

to be caused by chlorine chemistry 2 4. Lower-stratospheric chlor-

ine is converted to reactive forms by heterogeneous chemistry

on polar stratospheric clouds (PSCs) followed by the action of

sunlight 2'5'6. Enhanced abundances of chlorine monoxide (C10),

the dominant reactive form of chlorine in the daytime strato-

sphere, were observed during aircraft flights into the Arctic polar

vortex in the 1989 and 1992 winters 7 9. Global measurements by

the Upper Atmosphere Research Satellite (UARS) Microwave

Limb Sounder (MLS) showed C10 abundances in the early Jan-

uary 1992 Arctic lower stratosphere comparable to those in the

Antarctic during August _°. Direct observation of Arctic ozone

loss is more difficult than in the Antarctic due to greater dynam-

ical variability in the northern polar vortex 11 _3. The stronger
Antarctic vortex isolates the air in which ozone destruction

occurs, and is much colder than the Arctic vortex 12 14. Antarctic

lower-stratospheric temperatures typically remain low enough

for PSC formation for _4 months, until after the spring equi-

nox-as opposed to a few days to _2 months in the Arctic 15,

where temperatures are well above the PSC threshold by the

spring equinox. Chemical ozone losses in the Arctic should thus
be smaller than in the Antarctic, and will be more difficult to

detect against the climatological increase in polar ozone during
Arctic winter.

To separate dynamical and chemical effects, we examine

observations of ozone and C10 on isentropic surfaces (surfaces

of constant potential temperature, 0) in relation to long-lived

tracers, and to vortex structure as diagnosed from potential vor-

ticity (PV) _6. MLS observations of ozone and C10 during the

1992 93 Arctic winter, and their relation to the polar vortex, are
compared with those in the 1991 92 Arctic and 1992 Antarctic

winters, and with Nimbus 7 Limb Infrared Monitor of the

Stratosphere (LIMS) ozone during the 1978 79 Arctic winter.
Both the LIMS '7'_8 and the MLS _9'2° data used here have been

extensively examined and are sufficiently reliable for our examin-

ation of seasonal trends. The passive tracers nitrous oxide (N20)

and methane (CH4), which have no significant stratospheric

sources and have chemical lifetimes long compared to dynamical

timescales, were measured by the UARS Cryogenic Limb Array
Etalon Spectrometer (CLAES) 2_ during the 1991 92 and 1992
93 winters. Our examination of the CLAES data used here indi-

cates that they are also reliable for examining temporal trends
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in and around the polar vortex. Both MLS and CLAES switch

between viewing high northern and high southern latitudes every

_36 days.

Analyses of aircraft 22 24 and MLS l° observations showed

decreasing ozone in the Arctic lower stratosphere (_15-19 km)

in January 1992; comparison here of MLS-observed ozone

changes with expected transport effects supports the view that

lower-stratospheric ozone in January 1992 was depleted by

chlorine chemistry.

MLS measured enhanced C10 in the 1992-93 Arctic polar

vortex beginning in early December 1992; by mid-February

1993, C10 mixing ratios >1 part per billion by volume (p.p.b.v.)
were seen throughout the polar region '° and persisted until late

February. Vortex-averaged ozone on the 465 K isentropic sur-

face (referred to as 'ozone at 465 K' from here on) was observed

to decrease by _20% between mid-February and mid-March.

Analyses of long-lived tracer data and vortex evolution show

that this decrease could not have been caused solely by transport

processes at this time. These results imply significant depletion

of ozone by chlorine chemistry in the Arctic lower stratospheric

vortex between mid-February and mid-March 1993.

Ozone in the Arctic vortex

MLS viewed high northern latitudes in December to early Janu-

ary, and mid-February to mid-March in 1991-92 and 1992 93.

Figure 1 shows synoptic maps of ozone at 465 K (_19 km) in

mid-February and mid-March for three Arctic winters (1979

from LIMS, and 1992 and 1993 from MLS), along with contours

of Rossby-Ertel potential vorticity (PV) in the region of strong

PV gradients. This region is coincident with strong westerly

winds and demarcates the polar vortex. During 1979 and 1993,

the vortex was considerably eroded by strong warmings between

mid-February and mid-March. There were no strong warmings

in late winter 1992, and the size of the 1992 vortex barely

changed. Ozone at 465 K in 1992 and 1993 was largely confined

within the vortex, in contrast to 1979, when PV gradients were

much weaker and the vortex therefore less isolated throughout

the winter. In fact, tongues of low ozone within the 1979 vortex

in February suggest the possibility of intrusion of lower-latitude

air into the vortex 25. Ozone mixing ratios peak in the mid-strato-

sphere, near _35 km at high latitudes; thus, downward transport

across isentropic surfaces, expected from diabatic cooling in the

429



ARTICLES

(: • •

winter stratosphere, should increase vortex ozone at 465 K.
Ozone in the vortex increased during late winter in 1979 and

1992, as expected in the absence of significant chemical ozone
loss. In 1993, however, ozone in the vortex decreased between

mid-February and mid-March. Horizontal transport could

11 Feb

465 K OZONE

b

1979

(LIMS)

17 Mar

d

1992

(MLS)

16 Feb 21 Mar

f

decrease vortex ozone because below _550 K (_21 km), there

is less ozone at low latitudes than in the polar vortex. However,

Fig. 2 shows that the decrease in 1993 vortex ozone was fairly

uniform in time, with no obvious signs (within the resolution of

the data) of comparatively ozone-poor low-latitude air entering
the vortex. Some ozone-rich air was observed being drawn off

the vortex edge (for example, on 18 February and 2, 6 and 10

March), which could have decreased the area of high ozone in

the vortex, and thus could alter a vortex average.

Vortex-averaged ozone, C10 and vortex minimum tempera-

tures at 465 K for these three years are shown in Fig. 3. Overall,

minimum temperatures were lowest in 1992-93 and highest in

1978-79. Although Arctic lower-stratospheric temperatures gen-

erally drop below the PSC formation threshold in only a small

region of the vortex, in early January 19921° and in February

1993 minimum temperatures are located away from the vortex

centre, in a region experiencing both sunlight and strong winds;
much of the vortex air thus moves through the region of cold

temperatures, increasing the extent of PSC processing within the
vortex. Unlike in the Antarctic, stratospheric warmings regularly

raise temperatures in the Arctic vortex above the PSC formation
threshold 11,13.This occurred with the onset of a strong warming

in mid-January 1979, followed by a major warming in mid-

465 K MLS OZONE 1993

b

18 Feb 22 Feb

1993

(MLS)

c d

11 Feb 17 Mar

2.0 Ozone (p.p.m.v.) 3.2

FIG. 1 a-f, Ozone on the 465 K isentropic surface for selected days in
mid-February and mid-March 1979, 1992 and 1993. MLS data (c-f)
have horizontal resolution of _400 km and vertical resolution of _4 kin;
the resolution of the LIMS data (a, b) is similar. Precisions (r.m.s.) of
individual MLS ozone measurements for this data version (no. 3) are
_0.2 p.p.m.v., with absolute accuracies of _15-20%. MLS data are
gridded for 12:00 GMTusing Fourier transform techniques that separate
time and longitudinal variations 38. Potential vorticity (PV) contours of
2.5, 3.0 and 3.5x10-SK m 2 kg-ls 1 are overlaid in black. PV is
calculated 13 from United Kingdom Meteorological Office (UKMO) assimi-
lation system 39 temperatures and winds for 1992 and 1993, and from
LIMS geopotential heights (using a nonlinear primitive equation balance
to obtain winds 4°) and temperatures for 1979. Comparison of PV calcu-
lated from US National Meteorological Center (NMC) data available from
1978 to the present 41 indicates that the PV fields from different data
sets used here are comparable; in particular, the relative strength of
the PV gradients is not an artefact of the use of different datasets 42.
UKMO temperatures are used to interpolate gridded MI_S data from
pressure to isentropic surfaces (MLS temperatures are not currently
available at these altitudes). The projection is orthographic, extending
to the equator; thin dashed circles show 30 ° N and 60 ° N latitudes,
and the Greenwich meridian is at the bottom of the plots.
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FIG. 2 a-f, MLS ozone on the 465 K isentropic surface at 4-day intervals
from 18 February to 10 March 1993. Potential vorticity contours and
layout are as in Fig. 1.
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February TM, and with the onset of a strong warming in mid-
January 199213'26 . The 1993 vortex, however, was relatively

strong and cold through mid-February, with strong stratospheric

warmings in late February and early March leading to the final

warming 27. The persistence of low temperatures through late

February 1993, a period of increasing sunlight at high northern

latitudes, implies that high C10 concentrations should be

present, which should prolong destruction of ozone by chlorine

chemistry in the Arctic vortex during 1993. This is consistent

with the MLS observations, as shown below.

The behaviour of LIMS ozone during 1978-79 is included as

a baseline for a year when ozone loss in the lower stratosphere

due to chlorine chemistry was negligible, because stratospheric

chlorine abundances were lower by _70% than at present. The

delayed increase in vortex-averaged ozone in early winter 1978-

79 and the brief ozone decrease at the end of January 1979 (Fig.

>

_." a.5

o 3.0

_'0 2.5

_ _.0

_ta b

a 465 K ozone

........ I ........ I ....... I .....

465 K minimum temp.

y.

205

4

1.0

O

e_0.5

0,0

1.5

|85 ....................... _ +IU _" "_¢¢+/I v v I .......

c 465 K CIO

1 Jan 1 Feb 1 Mar

-- 1978 - 1979 (LIMS)

-- 1991 - 1992 (MLS & UKMO)

-- 1992 - 1993 (MLS & UKMO)

FIG. 3 a and c, Vortex-averaged mixing ratios, calculated by dividing

the area integral of the mixing ratio inside a PV contour (the outermost
contour in Figs 1 and 2), by the area enclosed by the contour, of ozone

(a) and ClO (c) on the 465 K isentropic surface, for three Arctic winters;

b, minimum temperatures (on the same isentropic surface) in the same

region used for the vortex averages. Horizontal line in b indicates nomi-
nal threshold below which PSCs can form. Averaging MLS data as shown

here improves the precision to _0.05 p.p.m.v, for ozone and

_0.1 p.p.b.v, for ClO. The thin red line shows the 1978-79 winter (LIMS

data), and the medium green and thick blue lines show the 1991-92

and 1992-93 winters, respectively (MLS ozone and ClO data, and UKMO

temperatures). The gaps in MLS data are when it is observing the Sou-

thern Hemisphere. Using PV calculated from NMC rather than LIMS or

UKMO does not significantly affect any results shown in Figs 3-6.

3a) suggest caution when interpreting recent decreases in vortex-
averaged ozone as due to chemical rather than dynamical pro-
cesses. The relatively low vortex ozone at 465 K in December
1978 does not necessarily imply a bias between LIMS and MLS
observations, as vortex-averaged ozone was similar (within esti-
mated measurement uncertainties '7'2°) in early November in all
three years. However, the dynamical evolution of the vortex was
different in 1978-79. The winter observed by LIMS was rela-
tively warm and the lower stratospheric vortex was much
weaker, and therefore less isolated, than in either 1991-92 or
1992 93. The behaviour in 1978-79 was not atypical; in fact, a
similar pattern, with maximum ozone near the vortex edge, was
seen by MLS in the 1993 94 Arctic winter, when the lower strat-
ospheric vortex was also relatively weak. As strong stratospheric
warmings perturbed the late January and February 1979 vortex,
strongest diabatic descent is expected then at the periphery of
the vortex 27, leading to higher ozone there (for example, Fig.
la). When highest ozone is near the outside edge of the vortex,
it is not included in the average shown in Fig. 3a. Intrusions
of low-latitude, ozone-poor air into the vortex 25 are also more
common when it is weak, and rapid changes in LIMS ozone
such as the brief decrease in late January 1979 can be due to
horizontal transport _8.

MLS observed enhanced C10 in the Arctic vortex from late
December 1991 to mid-January 1992 (Fig. 3c), during the time
of low temperatures _° (Fig. 3b). By mid-February, when MLS
looked north again, C10 had decreased substantially and contin-
ued to decay through late February and early March. Vortex-
averaged ozone decreased slightly at 465 K from early- to mid-
January 1992 (Fig. 3a), consistent with vortex-averaged loss

FIG. 4 a-c, Time series of CLAES

N20 mixing ratios, averaged
around a PV contour, as a func-

tion of PV, for 9 February (11

August) to 20 March (19 Sep-

tember) in the Northern Hemi-

sphere, NH (Southern

Hemisphere, SH). -PV is used in

the Southern Hemisphere, where

PV is negative. PV is scaled in

'vorticity units' (s 1), where it is

divided by a standard atmos-

phere value of the static

stability 13'43. The bottom of the

PV range shown (0.4 x 10 -4 s 1)

is at low latitudes (_20°); PV
values of _(1.0-1.4) x 10 -+ s 1

are representative of the vortex
edge. The CLAES 21 N20

measurements have _400 km

horizontal resolution and
_2.5 km vertical resolution 44.

Single profile precision and sys-
tematic error estimates in the

lower stratosphere for this data

version (no. 6) are _20 p.p.b.v.
r.m.s, and _20%, respectively.

N20 mixing ratios

>_210 p.p.b.v, are less reliable

than lower values, due to lack of

tangent point sensitivity +4. On the

465 K isentropic surface shown

here, N20 values are most reli-

able poleward of _50 ° latitude.

The averaging done here results

in reliable trends for PV greater

than _(0.6q3.8) x 10 -+ s 1.

CLAES data are gridded by a

a NH 1992

2.4

1,60.8

'_ b NH 1993

N 9Feb 1 Mar
O

C SH 1992

2.4

1+6

40

0.8

1 l Aug 1 Sep

280

465 K N20 (p.p.b.v.)

simple interpolation of 24 h of data (providing full longitudinal coverage)

to a regular latitude-longitude grid. Low N20 mixing ratios at low PV in
1992 are artefacts caused by a Pinatubo-aerosol-related problem 44.
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calculated using MLS-observed C10 l°. The ozone decrease {n

late January 1979, when ozone destruction by chlorine chemistry

was not expected, is comparable to the early January 1992

decrease. But because the vortex was much stronger in 1992 than
in 1979, ozone was more confined in 1992, and a comparable

decrease caused by dynamics was thus not expected. Further-

more, on a timescale of a month, transport processes should
cause an ozone increase during any active period, as seen in

February 1979. The fact that vortex-averaged ozone did not
increase following the strong warming in mid-January 1992 is

circumstantial evidence for chemical ozone loss during that time,

consistent with analyses of aircraft data 22 24.

In the 1992-93 Arctic winter, MLS first detected enhanced

C10 in early December, and vortex-averaged values at 465 K

were _0.5 p.p.b.v, by early January. There were no MLS Arctic

observations from mid-January to mid-February 1993, but vor-

tex minimum temperatures remained well below the PSC forma-

NH 1978-1979 (LIMS)

¼

7
O

.-&

b NH 1991-1992 (MIN)

2A

1.6

0.8

C NH 1992-1993 (MLS)

24I

1 Dec 1 Jan

I . 1 m

1 Feb 1 Mar

d

1 Jun I Jul

SH 1992 (MLS)

, I ,I

1 Aug 1 Sep

0.8 3.4

465 K ozone (p.p.m.v.)

FIG. 5 a_, Time series of ozone mixing ratios averaged around a PV
contour, as a function of PV, for 1 December (1 June) to 20 March (19
September) in the Northern Hemisphere, NH (Southern Hemisphere,
SH). Heavy vertical black lines indicate the time after which N20 is
shown in Fig. 4. Large gaps in the data are when MLS is looking at the
hemisphere not shown.
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tion threshold, suggesting that C10 was enhanced throughout

this period. When MLS looked north again in February, C10

mixing ratios were >1 p.p.b.v, in most of the vortex region.

Temperatures remained below the PSC formation threshold
until late February, after which C10 decreased.

Ozone at 465 K in the 1992-93 Arctic winter is expected to
increase more rapidly during the warmings in late February and

early March when diabatic descent is enhanced 27, similar to the

17 Mar - 10 Feb 1979 NH
a

465 '

465

21 Mar- 15 Feb 1992 NH

17 Mar - 10 Feb 1993 NH

b
15 Feb to 21 Mar 1992 NH

C

10 Feb to 17 M_ 1993 NH
e

465

,-14 Aug 1992 SH
f

14 Aug to 18 Sep 1992 SH
__g

Potential vorticity (10 -4 s "1)

-1 1 0 1.5

Ozone change (p.p.m.v.) Average C10 (p.p.b.v.)

FIG. 6 Change in ozone mixing ratio (left-hand column), and time-aver-
aged ClO (right-hand column), over 36 days (the approximate length of
time for which MLS observed one hemisphere) in late winter, for three
Arctic winters (no ClO data exist for 1979) and one Antarctic winter, as
a function of PV and potential temperature (O, ref. 31), in the lower to
mid-stratosphere. White contour indicates no change. PV is scaled as
in Figs 4 and 5, to give a similar range of values throughout the 0
domain shown. Heavy black lines indicate PVtypical of the vortex edge.
Because the polar vortex weakens over the time period, especially in
the Arctic, maximum PV values are less on the ending than on the
beginning day. Ozone difference plots include all PV values present on
both days differenced, whereas the ClO time-average plots include all
PV values present on any day in the period. The ClO averaged at the
highest PV values thus occurs earlier in the period.
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behaviour seen in February 1979. Observed ozone increases
gradually in the 1992-93 early winter, as expected. Vortex-aver-

aged ozone is, however, the same in mid-February as in mid-

Janu_try 1993, and decreases steadily between mid-February and
mid-March. Between 10 February and 11 March, the average

ozone mixing ratio decreases from approximately 3.2 p.p.m.v, to

2.6 p.p.m.v., _0.7% per day. For comparison, vortex-averaged
ozone in the Antarctic in August and September 1992 decreased

at ~1.4% per day 28. Vortex-averaged CIO mixing ratios in the

Antarctic in mid-August 1992 were comparable to mid-February

1993 Arctic values, but the duration of enhanced Arctic C10

was shorter J°'28, and Antarctic C10 remained enhanced later in

the year when more sunlight was present. Calculations using

MLS C10 like those done for January 1992 l° give a vortex-

averaged ozone loss over the February-March 1993 time period

of _0.9% per day due to chlorine (and bromine) chemistry. This

calculated loss is consistent with the observations, particularly

because ozone should increase in absence of chemical depletion.

Separation of chemical and dynamical effects

The behaviour of ozone is now examined in relation to long-

lived tracers 29 to discriminate further between dynamical and

chemical contributions to ozone change. As the Arctic vortex is

so distorted and variable (Figs 1 and 2), zonal means obscure

details of the flow, and average together values from inside and

outside the vortex. A more useful average for diagnostic pur-

poses is obtained by changing coordinates from latitude to PV

(refs 30-33). Changes in the mixing ratio at constant PV and 0
provide information on diabatic and chemical processes 29 31.34.

Figure 4 shows time series of CLAES N20 on the 465 K isen-

trope, averaged around PV contours for the Arctic late winters
of 1992 and 1993, and the Antarctic late winter of 1992. Similar

features are seen in plots of CLAES CH4, so only N20 is shown
here. The N20 mixing ratio decreases toward the winter pole

and decreases rapidly with height in the lower stratosphere, so

diabatic descent would decrease N20 along a PV contour on an

isentropic surface 34. The N20 shows a slight temporal decrease

during February-March 1992 in the vortex at PV_>~I.4x

10 -4 S-1 (PV scaled in vorticity units is used here--see Fig. 4

caption), indicating weak descent. A steeper decrease is seen in

the middle of the February-March 1993 period, as expected

from enhanced diabatic descent during stratospheric

warmings 27. The N20 level decreases slightly above the
1.4 × 10 -a s -1 PV contour during August-September 1992 in the

Antarctic, where minor warmings 35'36are confined to higher alti-

tudes and do not significantly enhance diabatic descent in the

lower stratosphere.

Figure 5 shows similar time series for ozone throughout the
1978 79, 1991 92 and 1992-93 Arctic winters, and the 1992

Antarctic winter. Ozone should increase where N20 decreases

if no chemical depletion occurs. Chemical processes were not

expected to be important in the Arctic winter lower stratosphere
in 1978-79; the general increase in ozone is consistent with

changes expected from diabatic descent. In 1991-92, ozone at
465 K increases slightly in December and in late February, con-

sistent with the transport processes indicated by concurrent

changes in N20. In stark contrast, the evolution of ozone in the

1992 Antarctic late winter is very different from that expected

from dynamical variations as diagnosed from N20; ozone

decreases rapidly, beginning near the centre of the vortex.

Although less dramatic, the evolution of 465 K ozone during
the 1992 93 Arctic winter resembles that in the Antarctic 1992

winter. Arctic ozone slowly increases in December 1992, as does

Antarctic ozone in June 1992. But in mid- to late-February 1993,

Arctic ozone decreases rapidly well inside the vortex. Compari-

son with dynamical changes expected from examination of N20

(Fig. 4b) indicates that the observed ozone evolution in Febru-

ary-March 1993 is inconsistent with the effects of transport

alone. This provides direct observational evidence for chemical

depletion of ozone in the Arctic during February March 1993.
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Figure 6 compares the vertical extent of enhanced C10 with

ozone changes in late winter. The 1979 ozone (Fig. 6a) shows

behaviour expected for no chemical loss during a dynamically

active period: a large increase inside the polar vortex throughout

the lower stratosphere. Figure 6fand g, for 1992 in the Antarctic,

shows the behaviour expected when chemical loss dominates:

ozone decreased below _650 K (_27 km) throughout the vortex,

in the region of enhanced C10.

The level of C10 in the Arctic lower stratosphere during Feb-

ruary-March 1992 was low compared with that observed when

temperatures are below the PSC formation threshold. Ozone in
February-March 1992 below _650 K increased slightly inside

the vortex, consistent with weak diabatic descent at this time.
An ozone decrease of _10% occurred in 1992 between 600 and

700 K at highest PV values; a decrease of _7% was seen in

this region in 1993. First-order estimates of gas-phase ozone

destruction reaction rates from catalytic cycles involving NO2

(from CLAES) and C10 suggest that much of the ozone differ-
ence between 1992 and 1993 near 650 K could have been caused

by the somewhat larger abundances of these radicals in 1992.

Enhanced Arctic C10 in 1993 extended to near the vortex edge

and vertically to _580 K. Although Arctic C10 abundances in

mid-February 1993 were comparable to Antarctic values in mid-

August 1992, the time average was less in the Arctic because

C10 decreased in early March (Fig. 3c), and thus the period

of enhancement was less. Ozone decreased in 1993 (Fig. 6d)

throughout the vortex below _600 K, in the general region of
enhanced CIO.

Implications for Arctic ozone loss

We have demonstrated above that the _20% decrease in Arctic

lower-stratospheric ozone in February and March 1993 is incon-

sistent with changes expected from transport alone during this

period. The decrease seems to be consistent with the observed
C10 and associated depletion by chlorine chemistry.

Although ozone in the lower stratospheric vortex decreased
substantially in late winter 1993, MLS observations showed no

significant decrease in column ozone for the same time 2°. Ozone

increases rapidly at this time in the Arctic polar mid-strato-

sphere, compared with much smaller increases in the Antarctic

mid-stratosphere 35. Higher altitudes thus contribute more sig-

nificantly to the column in the Arctic, masking the lower-

stratospheric ozone decrease there. Comparison with a 30-year

record of Dobson data 37 shows that the change in Arctic column

ozone from MLS between February and March 1993 is less of

an increase than commonly observed, but not the smallest
increase on record.

Arctic lower-stratospheric temperatures were low enough for
PSC formation for _1 month during 1991-92 _°'13, ending in late

January. They were low enough for nearly 2 months during

1992-93, until late February, when more sunlight reaches the

polar regions and sustains the ozone destruction cycle over larger

areas. This year (1993-94), Arctic lower-stratospheric tempera-

tures hovered near and slightly below the PSC formation thresh-

old from December 1993 to late February 1994, when they
dropped well below it for _2 weeks; MLS measured substantial

enhancement of C10 in the Arctic vortex in late February/early

March 1994. The Arctic lower stratosphere in the past 16 years

has been sufficiently cold for PSC formation for as long as 21

months, and as late as mid-March 15. It is therefore expected that

there will be years in the near future, while stratospheric chlorine

levels continue to increase, when ozone depletion in the Arctic

lower stratosphere will equal or exceed that in 1993. []
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